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 A B S T R A C T

Tritium transport is a fundamental topic in the development of nuclear fusion reactors for sustainable and 
competitive energy production. Tritium breeding blankets and extraction systems must be as efficient as 
possible. Tritium handling systems are crucial to ensure fuel self-sufficiency, safe operations, and cost reduction. 
Component-level modeling supports design choices to build a more efficient system. In recent years, multiple 
component-level codes dedicated to simulating hydrogen Isotope transport mechanisms, such as permeation 
across materials and trapping, have been developed, verified, and validated. This work presents a comparison 
between three codes, MHIMS, FESTIM, and mHIT, in different verification and validation benchmarks, and their 
application on the ITER tungsten monoblock. The code comparison includes the V&V study for the mHIT code, 
and FESTIM results are compared against another code for the ITER monoblock in 2D and during transients. 
Indeed, to analyze and design tritium components for a fusion power plant, such as a breeder blanket, a 
plethora of features are necessary, such as trapping, 3 dimensions, multi-material interfaces, time-dependent 
transients, chemical reactions, and CFD coupling. The benchmarks showcased good agreement between the 
codes and experimental results. This work demonstrates the coherence and the solid common ground between 
the codes, verifies some features that are already implemented, and can serve as a starting point for more 
complex transport features (e.g., chemical reactions, convection, and turbulence coupling).
1. Introduction

Nuclear fusion energy has the potential to provide and satisfy the 
energy demand of being a game-changer for decarbonization, pro-
viding sustainability, affordability, and availability. However, nuclear 
fusion reactors are complex machines that have multiple engineering 
challenges to overcome. These machines usually rely on the Deuterium–
Tritium (D–T) reaction due to the lower energy threshold required 
for the fusion to occur. The natural scarcity of T in nature requires 
its production in situ through the nuclear reaction between neutrons, 
which are emitted by the nuclear fusion reactor itself, and Lithium, in 
the tritium breeder component.

In particular, T breeding represents a tough challenge to overcome, 
with a design space bounded by the magnet geometry. Even with the 
addition of neutron multipliers (Pb, Be) and Li isotope reaction, the 
achievable Tritium Breeding Ratio (TBR) is slightly over unity. In the 
fuel cycle, extraction systems must retrieve as much produced T as 
retrievable, due to radiohazard and operational constraints, with an 
operational window for T losses smaller than 𝑇𝐵𝑅 − 1. An increase in 

I This article is part of a Special issue entitled: ‘PFMC-20’ published in Nuclear Materials and Energy.
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the retrieval efficiency and a decrease in T losses would increase the 
ability of the tokamak to withstand start-up transients, maintenance, 
and unscheduled interruptions of operations, and increase the reserve 
inventory build-up rate.

There are several challenges involving T handling in the reactor. 
Among suitable engineering components needed for the T circuit to 
work, the best-performing technology is yet to be identified. The evalu-
ation of extraction rates, residence time, and T fluxes from the tritiated 
circuit is a fundamental insight to have when designing the reactor. 
Moreover, the great T exposure of plasma-facing components poses a 
great risk of high inventories and radioactive material if the material for 
these components is not chosen suitably. In this framework, T transport 
codes play a fundamental role in designing a nuclear fusion reactor 
and its tritiated circuit. While fuel cycle models exist [1–3], they would 
greatly benefit from detailed component-level information to improve 
their reliability. T transport codes are a versatile and indispensable 
tool to account for these crucial aspects and design an efficient T 
circuit. Moreover, T transport modeling is a crucial tool to evaluate 
https://doi.org/10.1016/j.nme.2025.102026
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the inventory, fluxes, and retention at the component level and to 
do a physics-informed design to choose the most reliable materials 
for structures, breeders, and plasma-facing components. In the last 
decade, multiple T transport codes have been developed to increase the 
capability of modeling diffusion processes for nuclear applications. One 
of the first applications is to estimate the T inventory in plasma-facing 
components [4–6], and fuel recycling and outgassing [6,7]. T transport 
codes are used to model and inform the multiple breeding blanket 
designs, such as solid breeders, LiPb-based technologies foreseen in 
DEMO [8], and FLiBe molten salt Liquid Immersion Blankets foreseen 
for ARC-class reactors [9–13]. Another focus is on T extraction tech-
nologies [14,15]. In addition, system-level codes for diffusion modeling 
have been developed for DEMO [16] and molten salt circuits [12,17]. 
Moreover, the focus of the nuclear fusion community has increasingly 
included breeding technologies and T technologies with experimental 
facilities [18–21]. Proper modeling of the trapping phenomena is rel-
evant in these reactors due to the high thermal excursion foreseen in 
materials, the presence of Helium ashes that can interact with traps, 
the increase in empty trapping sites due to neutron damage, and 
the relevance of the trapping phenomenon during transients, such as 
start-ups.

The paper is structured as follows: Section 2 illustrates the phys-
ical equations to describe hydrogen transport with trapping. Then, 
Section 3 resumes the recent state of the art of 𝐻 isotopes transport 
codes and their application in the nuclear fusion industry. Section 4 
contains a series of verification cases (Section 4.1) for three different 
transport codes, MHIMS, FESTIM, and mHIT, and the results are 
compared against each other. The authors published an open-source 
repository on Github https://github.com/gabriele-ferrero/Titans_TT_
codecomparison, containing the FESTIM and mHIT models, together 
with the scripts to make the plots for this paper. In Section 4.1.1, 
a 1D slab permeation without and with multiple traps verifies and 
compares the three codes on the diffusion and trapping modeling in 1D. 
Then, in Section 4.1.2, the Method of Manufactured Solutions [22,23] 
verifies for the mHIT code the transport equations in 2D, together with 
the concentration discontinuity happening at the interface between 
different materials. After the verification cases, Section 4.2 consists of 
three validation cases. In Section 4.2.1 and in Section 4.2.2 the three 
codes reproduce two different Thermal Desorption Spectroscopy (TDS) 
experiments [24,25] with excellent agreement. Then, in Section 4.2.3, 
the mHIT code is compared against FESTIM [5] to simulate and predict 
the T inventory in an ITER monoblock during a long transient. Section 5 
summarizes the relevant results obtained through this study.

2. Physics of hydrogen isotopes transport

The diffusion of hydrogen isotopes (Q) is well described by Fick’s 
diffusion laws (Eqs. (1) and (2)). The coupling between mobile Q 
and trapped Q is done through a volumetric source term (∑ 𝜕𝑐𝑡,𝑖

𝜕𝑡 ) in 
the mobile species equation, as depicted in Eq.  (2). The Q density in 
traps can change due to mobile species moving into traps, and trapped 
species getting out from traps [26]. In the conditions of a single isotope 
and single occupancy for each trap site, the problem is described by Eq. 
(3): 
𝐽 = −𝐷∇𝑐𝑚 (1)

𝜕𝑐𝑚
𝜕𝑡

= ∇ ⋅ (𝐷∇𝑐𝑚) + 𝑆 −
∑ 𝜕𝑐𝑡,𝑖

𝜕𝑡
(2)

𝜕𝑐𝑡,𝑖
𝜕𝑡

= 𝑘𝑖𝑐𝑚(𝑛𝑖 − 𝑐𝑡,𝑖) − 𝑝𝑖𝑐𝑡,𝑖 (3)

where J is the diffusive particle flux in [molm−2 s−1], D is the diffusion 
coefficient in [m2 s−1] and 𝑐𝑚 is the mobile concentration of the species 
in [molm−3], S is a volumetric generation of the species [molm−3 s−1], 
𝑐𝑡,𝑖 is the trapped concentration [molm−3] in the 𝑖th trap. 𝑘𝑖 is the 
trapping rate in [m3 mol−1 s−1], 𝑛 is the trap density [molm−3] of the 
2 
𝑖th trap in the material, 𝑝𝑖 is the detrapping rate in [s−1]. For the 
comparison carried out in this paper, the advection term, due to the 
fluid flow in which Q is dissolved, is neglected, and no case study with 
advection is presented. The main focus of the comparison carried out 
in this study is on the trapping physics, which is included in the three 
codes.

In the case of a dissociative surface, the surface flux for Q can be 
described through recombination and dissociation, following Eqs. (4) 
and (5): 
𝐽 ⋅ 𝐧 = 𝐾𝑟(𝑇 )𝑐2𝑚 (4)

𝐽 ⋅ 𝐧 = 𝐾𝑑 (𝑇 )𝑃𝑄2
(5)

where n is the normal vector to the boundary, 𝐾𝑟 is the recombina-
tion coefficient in [m4 mol−1 s−1], 𝐾𝑑 is the dissociation coefficient in 
[mol s−1 m−2 Pa] and 𝑃𝑄2

 is 𝑄 partial pressure in [Pa]. In a steady state, 
there is an equilibrium between the dissociation and recombination 
effects, and the concentration on the material surface is dependent 
on the 𝑄 partial pressure [27]. In the materials in which 𝑄 is dis-
solved in atomic form, Sieverts’ law applies (Eq. (6)). It is the case 
for metals, for instance. In materials in which 𝑄 species are dissolved 
as molecules, Henry’s law applies (Eq. (7)). In that case, there is no 
dissociation/recombination on the surface. It can be the case for molten 
salt, gases [28]. When two materials are in contact with each other, 
assuming the kinetic interface effects quickly reach a steady-state, the 
continuity of partial pressure is reached [29]. This phenomenon leads 
to discontinuities in the concentration profile, and it is handled dif-
ferently between FESTIM and mHIT, which can handle multi-material 
scenarios. In FESTIM, when multiple materials are involved, the diffu-
sion equations are solved for the partial pressure, with continuity across 
different material interfaces, and reconverted to concentration in post-
processing. In mHIT, the equation to solve at the interface involves 
a partition condition 𝐾+∕− = 𝑐+∕𝑐−, being + and - the two domains 
across the interface. In a Sieverts/Sieverts interface 𝐾𝑆+∕𝑆−  is evaluated 
through Eq. (10), while in a Henry/Sieverts interface, the continuity of 
the partial pressure is ensured through Eq. (11). The continuity of the 
𝑄 flux is ensured on the Sieverts/Sieverts interface. However, in the 
Henry/Sieverts boundary, hydrogen is conserved by Eq.  (12) because 
𝐽+
𝑄 is in the molar form 𝑄2, while 𝐽−

𝑆  is in the atomic form Q [30]: 

𝑐𝑚 = 𝐾𝑆

√

𝑃𝑄2
(6)

𝑐𝑚 = 𝐾𝐻𝑃𝑄2
(7)

𝐾𝑆 =
√

𝐾𝑑∕𝐾𝑟 (8)

𝐾𝐻𝑐𝑝
𝑠

= lim
𝑐𝑙→0

𝑐𝑙∕𝑝 (9)

𝐾𝑆+∕𝑆− = 𝐾+
𝑆 (𝑇 )∕𝐾

−
𝑆 (𝑇 ) (10)

𝐾𝐻+∕𝑆− = 𝐾+
𝐻 𝑐−∕(𝐾−

𝑆 )
2 (11)

𝐽+
𝐻 = 0.5𝐽−

𝑆 (12)

where 𝐾𝑆 (Eq.  (8)) is the Sieverts’ constant in [mol𝑄 m−3 Pa−0.5], and 
represents the equilibrium between dissociative flux (Eq.  (5)) from the 
gas and recombinative flux (Eq.  (4)) from the liquid. 𝐾𝐻  or 𝐾𝐻𝑐𝑝

𝑠
 is 

Henry’s law solubility constant defined via concentration and partial 
pressure [31], in [mol𝑄2

m−3 Pa−1]. The diffusivity, trapping rate, de-
trapping rate, recombination constant, dissociation constant, Sieverts 
constant, and Henry constant all follow an Arrhenius equation: 
𝑋(𝑇 ) = 𝑋0𝑒

𝐸𝑋∕(𝑘𝐵𝑇 ) (13)

where 𝑋0 is the pre-exponential factor and can be (𝐷0, 𝑘0, 𝑝0, 𝐾𝑟,0, 
𝐾 , 𝐾  and 𝐾 , the activation energy 𝐸  is in [eV] and can be 
𝑑,0 𝑆,0 𝐻,0 𝑋

https://github.com/gabriele-ferrero/Titans_TT_codecomparison
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respectively 𝐸𝐷, 𝐸𝑘, 𝐸𝑝, 𝐸𝑟, 𝐸𝑑𝑖𝑠𝑠, 𝐸𝑆 and 𝐸𝐻 , 𝑘𝐵 is the Boltzmann 
constant and 𝑇  is the temperature in [K]. As Q diffusion properties 
are significantly temperature dependent, the heat transfer equation is 
coupled weakly with Q diffusion: 

𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡

= ∇ ⋅ (𝜆∇𝑇 ) +
∑

𝑃̇ (14)

being 𝜌 the density in [kgm−3], 𝑐𝑝 the heat capacity in [J kg−1 K−1], 
𝜆 the thermal conductivity in [Wm−1 K−1] and 𝑃̇  the volumetric heat 
source in [Wm−3]. For the applications in this paper, the advection 
term in the heat equation is neglected as it is not relevant to the 
presented case studies. The equations for Q transport (Eqs. (2) and 
(3)) are the same for each H isotope. However, a difference between 
different isotopes is in the diffusion coefficient, which is inversely 
proportional to the atom mass (Eq. (15)). This is particularly relevant 
for H isotopes, as the ratio of their isotopes is by far larger for light 
atoms than for heavy atoms. 

𝐷𝑄 =
𝐷𝐻

√

𝑀𝑄∕𝑀𝐻
(15)

being 𝑄 an isotope and 𝑀𝑄 the atomic mass of the isotope. Because 
of the dependence of the detrapping rate on 𝑄 diffusivity, the de-
trapping and trapping pre-exponentials must be corrected by the same 
modification factor. 

𝑝0,𝑄 =
𝐷0,𝑄

𝜆2
=

𝑝0,𝐻
√

𝑀𝑄∕𝑀𝐻
(16)

𝑘0,𝑄 =
𝐷0,𝑄

𝑛𝐼𝑆𝜆2
=

𝑘0,𝐻
√

𝑀𝑄∕𝑀𝐻
(17)

where 𝑛𝐼𝑆 is the density of interstitial sites in the lattice in m−3 and 
𝜆 is the distance between two neighboring sites in 𝑚 [32]. No relevant 
studies in the literature show solubility differences between different H 
isotopes. Other isotopic effects to account for are the isotopic exchange, 
H-driven T permeation, and account for the competition of different 
isotopes for the same trap sites in multi-isotopic diffusion; however, 
there are no modeling efforts yet to simulate these conditions that the 
authors are aware of.

3. Codes for hydrogen isotopes transport at the component level

In the nuclear industry, Q transport codes have been developed to 
simulate T diffusion in fission and fusion reactors, with a focus on 
Molten salt reactors from the fission industry. While the codes have 
been developed for T transport, they currently have more applications 
on H or D transport, as these isotopes are commonly employed in 
experiments, instead of the precious and scarce T.

TMAP (Tritium Migration Analysis Program) [33–35] is a MOOSE 
application for solving 3D diffusion of Q species, and it has been 
widely employed over the years for fusion applications. Currently in 
its TMAP8 version, the code is fully available open source at https:
//github.com/idaholab/TMAP8. While various Q transport codes have 
been developed to improve the capacity to simulate transport, TMAP 
is the most long-lived code, and its community is still active, with a 
recent publication of V&V benchmark for its code [36].

The transport code MHIMS was first introduced in [37–39]. Some 
applications of the MHIMS code include estimation of retention in tung-
sten monoblocks, ITER inventory estimation [4], TDS on tungsten [38] 
and EUROFER [25], with activation energy fitting [40], and kinetic 
surface modeling [41,42]. MHIMS uses the DLSODE package [43,44] 
to solve numerically the system of equations, and is applied in 1D 
problems.

FESTIM (Finite Elements Simulation of Tritium In Materials) [5,
45,46] is an open-source tool for modeling 𝑄 transport with trapping 
effect. It leverages the FEniCS/DOLPHINx [47] computing platform 
to solve PDEs with the finite element method. The FESTIM suite is a 
flexible and transparent interface of FEniCS and DOLPHINx based on 
3 
Python, and it is available as open source code at https://github.com/
FESTIM-dev/FESTIM, with a currently active community. As FESTIM 
can simulate up to 3D geometries, it relies on different third-party 
software for mesh generation, such as the open-source SALOME mesher 
https://www.salome-platform.org/ or the gmsh Python package. The 
code has been employed to simulate TDS experiments [45], paramet-
ric analysis for activation energy fitting [48], estimate the tritium 
inventory in ITER monoblocks [5,29,49,50], and the evaluation of 
tritium inventory in the WCLL breeding blanket with computational 
fluid dynamics coupling in laminar flow regime [51].

The mHIT code is a set of added equations on top of the COMSOL®
[52] chemical module. A suite of verification and validation bench-
marks has been carried out for 1D cases [53]. The same environment 
without trapping effects has been employed for the numerical analysis 
in [27] and for the analysis of the WCLL tritium inventory [54,55]. The 
exploitation of the COMSOL modules suite permits geometry manipula-
tion, meshing, multiphysics coupling of 𝑄 diffusion and trapping with 
heat transfer, fluid dynamics, turbulence effects, chemical reaction, and 
electric currents with ease.

4. Modeling and results

4.1. Verification benchmarks

4.1.1. Diffusion in an infinite-length slab
The first verification benchmark involves the Fickian diffusion 

Eqs. (1) and (2) on an infinite-length slab with a fixed concentration 
on both sides. On the left side, the concentration 𝑐0 is 0.0088 mol 
m−3, and on the right side is 0, which assumes that Q recombines to 
𝑄2 at a very fast rate. The computational domain is a 1D segment of 
finite thickness. First, a verification of the diffusion process without 
trapping phenomena is carried out. Then, traps are introduced with 3 
different detrapping energies 𝐸𝑝, whose strength is measured through 
the trapping parameter 𝜁 [56] and the trap filling ratio 𝑟 [32,39,45] 
(Eqs. (18) and (19)). In particular, the trapping parameter 𝜁 = 𝑐𝑚

𝑐𝑡
 when 

Eqs.  (2) and (3) are in steady state, and the trap filling ratio 𝑟 = 𝑐𝑡,𝑖
𝑛𝑡,𝑖

represents the fraction of filled trap sites: 
𝜁 = 𝑝(𝑇 )∕(𝑘(𝑇 )𝑛) + 𝑐0∕𝑛 (18)

𝑟 = (𝑝(𝑇 )∕(𝑘(𝑇 ) 𝑐0) + 1)−1 (19)

a weak trap of 1 eV (𝜁 = 0.56 ≫ 𝑐𝑚∕𝑛, 𝑟 = 1.5 × 10−4), a strong trap 
of 2 eV (𝜁 − 𝑐𝑚∕𝑛 = 5.1 × 10−6, 𝑟 = 0.94), and an irreversible trap of 
2.5 eV (𝜁 − 𝑐𝑚∕𝑛 = 1.54 × 10−8, 𝑟 = 0.9999). All trapping parameters are 
depicted in Table  1. The indicator parameter to compare results in this 
scenario is the Q flux on the right of the slab (𝑐 = 0). Results show good 
agreement between the analytical result and the codes for Q transport 
for the pure diffusion, weak trap, and intermediate trap scenarios 
from [56] (Fig.  1). It can be observed that the characteristic time for 
the flux to reach a steady state is significantly affected by the presence 
of the trap and its detrapping energy, showing a different increase of 
3 orders of magnitude between the ‘‘weak’’ and the ‘‘medium’’ trap 
scenarios. This is expected in the limit 𝜁 ≫ 𝑐𝑚∕𝑛, which indicates a low 
filling ratio. Therefore, in the ‘‘weak’’ trap, the diffusion of the species 
is similar to the diffusion as if there were no traps. In Fig.  1, there is 
a sensible difference between the ‘‘no trap’’ and ‘‘weak’’ trap scenarios, 
which is nowhere near the difference in the presence of stronger traps.

In the irreversible trap scenario, different behavior of the per-
meation can be observed: the Q atoms diffusing across the slab get 
immediately captured by empty traps before being able to diffuse past 
them, until there are no empty traps to fill, as expected with a filling 
ratio of 𝑟 ≈ 1. This creates the presence of a diffusion front in time, and 
a step profile in the concentration of filled traps in space, each time 
step until every empty trap site is filled in the entire slab. When this 
happens, the permeation flux on the other surface of the slab rises in a 

https://github.com/idaholab/TMAP8
https://github.com/idaholab/TMAP8
https://github.com/idaholab/TMAP8
https://github.com/FESTIM-dev/FESTIM
https://github.com/FESTIM-dev/FESTIM
https://github.com/FESTIM-dev/FESTIM
https://www.salome-platform.org/
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Fig. 1. Diffusion in an infinite-length slab - Q permeation across a slab with a constant concentration on one side. (a) No traps (b) Weak trap (c) Medium trap. 
Subplot (c) has a different scale for the time axis.
Table 1
Parameters for 1D slab benchmarks.
 Parameter Value Unit  
 𝑐0 8.8 × 10−3 mol  m−3  
 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 1 mm  
 𝑝0 1013 s−1  
 𝑘0 1.58 × 107 mol  m−3 s−1 
 𝐸𝐷 0.2 eV  
 𝐸𝑝 = 𝐸𝑤𝑒𝑎𝑘 1 eV  
 𝐸𝑝 = 𝐸𝑚𝑒𝑑𝑖𝑢𝑚 2 eV  
 𝐸𝑝 = 𝐸𝑠𝑡𝑟𝑜𝑛𝑔 2.5 eV  
 𝐷0 1.9 × 10−7 m2 s−1  
 𝑛𝑡𝑟𝑎𝑝 10−3 × 𝜌𝑚 mol  m−3  
 𝜌𝑚 6.338 × 1028 m−3  
 𝑇 1000 K  

very short time from 0 to steady-state as there were no traps (Fig.  2). 
The comparison between the analytical results and the 3 codes shows a 
very good agreement, as the breakthrough time coincides, despite the 
shock-like behavior of the trap filling and permeation in this scenario.

4.1.2. Method of manufactured solutions
A verification study on transport phenomena and the interface 

boundary condition has been carried out with the Method of Manufac-
tured Solutions (MMS) [22,23]. The MMS is a procedure for generating 
a numerical problem to verify codes and assess their accuracy. It 
consists of manufacturing an exact analytical solution for the problem, 
which does not need to have a physical meaning, and calculating 
the corresponding source term analytically. Then, the source term 
is applied to the computational domain in the model, together with 
coherent initial and boundary conditions. If the code is accurate, the 
exact analytical solution will be computed across the whole domain as 
a consequence of the source term, and the accuracy of the code can 
be quantified. This scenario involves a 2D time-dependent transport 
simulation with no traps. Other verifications on stationary and 1D 
conditions have been carried out, but only the most complex scenario is 
reported in this study. The analytical solutions, together with the source 
term used as input in mHIT, for this verification case, are listed in Table 
2 and are plotted in Figs.  3–6. The FESTIM code has been verified 
with the same method in [29,57]. The analytical solution has been 
employed as a Dirichlet boundary condition in the mHIT model, and 
together with the source term is the driver term that will result in the 
analytical solution for the mHIT model. Two interface conditions, in the 
form of partition conditions, have been tested. For the Sieverts/Sieverts 
interface, a partition condition K = 10 has been employed. For the 
Henry/Sieverts interface, a partition condition of 𝐾 = 10 × 𝑐−, so that 
𝑐+ = 𝐾 𝑐− = 10 (𝑐−)2 has been employed. An excellent agreement 
between the analytical solution and the computed solution has been 
obtained, as depicted for the mobile concentration in Figs.  3 and 4, 
and for the trapped concentration in Figs.  5 and 6.
4 
Fig. 2. Diffusion in an infinite-length slab - (a) Q permeation across a slab 
with constant concentration on one side and an irreversible trap. (b) Zoom 
magnification to observe the fast rise in the permeation flux.

4.2. Validation benchmarks

4.2.1. TDS experiment in tungsten
The two validation cases for the three codes consist of two bench-

marks with experimental data from TDS experiments. A TDS experi-
ment consists of exposing a material sample to a controlled environ-
ment with a hydrogen source (gas, ions, or plasma) to load up its traps. 
After the initial exposure, the sample is moved into an atmosphere 
without hydrogen, and the mobile hydrogen in the sample diffuses out, 
ideally leaving only the hydrogen in the traps in the sample. Then 
the sample is heated following a linear temperature increase while 
measuring the Q isotope outflux escaped from the traps. To reconstruct 
and simulate a TDS experiment, all these steps must be accounted for as 
the loaded trap profile is significantly dependent on previous exposure 
and resting conditions.

As a control parameter to compare the results, the hydrogen isotope 
flux depending on the temperature has been employed, which is a char-
acteristic curve typical of TDS experiments. A peculiarity of this curve 
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Table 2
The solution function and source function used for MMS verification.
 Interface Material 1 Material 2  
 Sieverts/Sieverts mobile 𝑐𝑚,𝑎𝑛,1 = (1 + cos(2𝜋𝑥) cos(2𝜋𝑦))𝑡 𝑐𝑚,𝑎𝑛,2(1 + cos(2𝜋𝑥) cos(2𝜋𝑦))𝑡𝐾  
 Source Sieverts/Sieverts 𝐷 × (8𝜋2𝑡 cos(2𝜋𝑥) cos(2𝜋𝑦) +

cos(2𝜋𝑥) cos(2𝜋𝑦) + 1)
𝐷×(8𝐾𝜋2𝑡 cos(2𝜋𝑥) cos(2𝜋𝑦)+cos(2𝜋𝑥) cos(2𝜋𝑦)+1) 

 Sieverts/Henry mobile (2 + cos(2𝜋𝑥) cos(2𝜋𝑦))𝑡 ((2 + cos(2𝜋𝑥) cos(2𝜋𝑦))𝑡)2𝐾  
 Source Sieverts/Henry 𝐷 × (8𝜋2𝑡 cos(2𝜋𝑥) cos(2𝜋𝑦) +

cos(2𝜋𝑥) cos(2𝜋𝑦) + 2)
𝐷 × (16𝐾𝜋2𝑡2(cos(2𝜋𝑥) cos(2𝜋𝑦) +
2 cos(2𝜋𝑥) cos(2𝜋𝑦) − 8𝐾𝜋2𝑡2 sin(2𝜋𝑥)2 cos(2𝜋𝑦)2 −
8𝐾𝜋2𝑡2 sin(2𝜋𝑦)2 cos(2𝜋𝑥)2 +
2𝐾𝑡(cos(2𝜋𝑥) cos(2𝜋𝑦) + 2)2))

 

 Trapped solution
(

𝑐𝑡,𝑖𝑛 −
𝑘𝑐𝑚,𝑎𝑛,𝑖𝑛
𝑘𝑐𝑚,𝑎𝑛,𝑖+𝑝

)

𝑒−(𝑘𝑐𝑚,𝑎𝑛,𝑖+𝑝)𝑡 + 𝑘𝑐𝑚,𝑎𝑛,𝑖𝑛
𝑘𝑐𝑚,𝑎𝑛,𝑖+𝑝
Fig. 3. Methods of Manufactured solutions - MMS verification for partition 
condition involving two Sieverts’ constant materials. (a) Solution plot and 
random verification lines. (b) confrontation between mHIT and analytical 
solution on the random verification lines plotted in (a).

is that peaks are centered near the temperatures where Q release from 
the trap increases substantially. These temperature peaks are related to 
the characteristic detrapping energy of traps in the material. However, 
there are other transports to account for, such as bulk diffusion, which 
can delay the hydrogen isotope release. Therefore, the full simula-
tion of the TDS and parametric fittings to evaluate 𝐸𝑝 through these 
experiments is needed. Another approach to evaluate the detrapping 
energy 𝐸𝑝 is through density functional theory calculations [58–62]. 
The 3 codes demonstrated good capability to reconstruct experimental 
results as depicted in Figs.  7 and 8. Tungsten (W) properties used in 
the first validation case [24] are listed for the reader’s convenience in 
Table  3. Trap densities and energies have been obtained through an 
optimization with MHIMS with a relative error of 2.91%.

4.2.2. TDS experiment in EUROFER
The TDS experiment described in [25] is the last validation and 

comparison benchmark between MHIMS, FESTIM, and mHIT. In par-
ticular, for this study, we develop the FESTIM and mHIT model to 
5 
Fig. 4. Methods of Manufactured solutions - MMS verification for partition 
condition involving Sieverts’ and Henry’s constant materials. (a) Solution plot 
and randomly sampled verification lines. (b) confrontation between mHIT and 
analytical solution on the verification lines plotted in (a).

Table 3
Parameters for tungsten TDS.
 Parameter Value Unit  
 𝐷0 1.9∕

√

2 × 10−7 m2 s−1  
 𝑝0 1013 s−1  
 𝑘0 1013∕(6 𝜌𝑊 ) m3 mol−1 s−1 
 𝐸𝐷 0.2 eV  
 𝐸1 0.834 eV  
 𝐸2 0.959 eV  
 𝐸3 1.496 eV  
 𝑛1 1.364 × 10−3𝜌𝑊 mol  m−3  
 𝑛2 3.639 × 10−3𝜌𝑊 mol  m−3  
 𝑛3 9.742 × 10−2𝜌𝑊 × 𝑓 (𝑥) mol  m−3  
 𝜌𝑊 6.388 × 1028 m−3  

compare against the MHIMS results. The experiment run consists of 2 
different TDS curves, as during the first temperature ramp-up up the 
sample did not release all its trapped Q content, needing another tem-
perature ramp-up to reach higher temperatures. All the experimental 
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Fig. 5. Trapped concentration in the MMS verification study for the partition 
condition involving two Sieverts’ constant materials. (a) Solution plot and 
random verification lines at 𝑡 = 10 s. (b) confrontation between the transient 
evolution in mHIT and analytical solution on five random verification points 
on both materials.

Table 4
Parameters for EUROFER TDS.
 Parameter Value Unit  
 𝐷0 2.52∕

√

2 × 10−7 m2 s−1  
 𝑝0 1013 s−1  
 𝑘0 1013∕(6𝜌𝑊 ) mol  m−3 s−1 
 𝐸𝐷 0.16 eV  
 𝐸1 0.51 eV  
 𝐸2 1.27 eV  
 𝐸3 1.65 eV  
 𝑛1 7 × 10−4𝜌𝑊 mol  m−3  
 𝑛2 7.49 × 10−7𝜌𝑊 mol  m−3  
 𝑛3 4.517 × 10−6𝜌𝑊 mol  m−3  
 𝜌𝑊 8.59 × 1028 m−3  

conditions must be accounted for while simulating the TDS experiment, 
including the interruption and the second temperature ramp. Results in 
Fig.  8 depict very good agreement between the TDS spectra computed 
with the 3 codes, with a slightly higher flux on the first energy peak 
for mHIT. EUROFER trapping properties are listed in Table  4.

4.2.3. ITER monoblock 2D
The tritium inventory in the vacuum vessel must be minimized for 

multiple reasons:

• Safety reasons.
• The vacuum vessel is a tritium sink from the fuel cycle perspective 
and can affect its performance.

• Tritium outgassing from the vacuum vessel can decrease plasma 
performance [63].
6 
Fig. 6. Trapped concentration in the MMS verification study for Partition 
condition involving Sieverts’ and Henry’s constant materials. (a) Solution plot 
and random verification lines at 𝑡 = 10 s. (b) confrontation between the 
transient evolution in mHIT and analytical solution on five random verification 
points on both materials.

Fig. 7. TDS experiment in tungsten - Code comparison validation benchmark 
of TDS profile for tungsten.

• Tritium can deteriorate mechanical properties [64].

Tritium diffusion in the vacuum vessel can happen due to plasma 
tritium implantation in the divertor. The model to simulate an ITER 
monoblock has been reproduced in mHIT from the FESTIM model, 
described in [5,29,49,50].

The mHIT model is compared with the FESTIM model, available as 
an open-source repository. The material properties for the simulation 
are listed in Table  5. The tritium inventory in each material agrees 
well for the whole transient between FESTIM and mHIT (Fig.  10). 
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Fig. 8. TDS experiment in EUROFER - Code comparison validation benchmark 
of TDS profile for EUROFER.
Source: The MHIMS curve is reproduced from [25].

Table 5
Parameters for the ITER 2D simulation.
 Parameter Tungsten Cu CuCrZr Unit  
 𝐷0 1.9 × 10−7 6.6 × 10−7 3.9 × 10−7 m2 s−1  
 𝑆0 1.87 × 1024∕𝑁𝐴 3.14 × 1024∕𝑁𝐴 4.28 × 1028∕𝑁𝐴 mol𝑄 m−3 Pa−0.5 
 𝑝0 1013 8 × 1013 8 × 1013 s−1  
 𝑘0 8.96 × 10−17𝑁𝐴 6 × 10−17𝑁𝐴 1.2 × 10−16𝑁𝐴 mol  m−3 s−1  
 𝐸𝐷 0.2 0.39 0.42 eV  
 𝐸𝑆 1.04 0.57 0.39 eV  
 𝐸𝑘 0.2 0.39 0.42 eV  
 𝐸𝑝 0.87 0.5 0.85 eV  
 𝐸𝑝,2 1 – − eV  
 𝑛1 1.1 × 10−3𝜌𝑊 5 × 10−5𝜌𝐶𝑢 5 × 10−5𝜌𝐶𝑢𝐶𝑟𝑍𝑟 mol  m−3  
 𝑛2 4 × 10−4𝜌𝑊 – − mol  m−3  
 𝜌 6.28 × 1028∕𝑁𝐴 8.43 × 1028∕𝑁𝐴 2.61 × 1028∕𝑁𝐴 mol  m−3  

Trapped and mobile tritium distribution in the monoblock agrees well 
during the transient, and the mHIT result is depicted in Fig.  9, together 
with the temperature distribution. Mobile tritium is most present in 
the copper after it is allowed to permeate through the monoblock and 
reach the inner pipe layer. The trapped tritium distribution is the result 
of temperature distribution, mobile concentration, and time-dependent 
regime. While mobile concentration is linked to trap concentrations, 
the location of the maximum concentration of trapped tritium does not 
exactly coincide with the location of the mobile maximum, due to the 
Temperature being colder on the bottom boundary of the monoblock. 
The regime has not reached a steady state yet, and trapped tritium 
can reach higher concentrations in colder regions as time goes on. 
As a means of comparison between mHIT and FESTIM, the tritium 
concentration distribution on a projection line of the monoblock, which 
includes all materials, is displayed in Fig.  11, and depicts very good 
agreement between the two codes.

5. Conclusion

In recent years, hydrogen isotopes transport capability has im-
proved with multiple transport codes. In this framework, the extensive 
comparison carried out in this work shows the capability of three 
different codes to solve Q transport in multiple scenarios. The com-
parison between the codes shows a good agreement in each of the 
selected benchmarks. While some extra features are characteristic of 
each code, having a common and tested base in the diffusion-limited 
regime and trapping equation leaves the user the possibility to choose 
whichever software to employ for component-level modeling based on 
its accessibility and its needs.

Different codes address the modeling needs for a wide range of case 
studies. MHIMS is capable of surface effects modeling for 1D scenarios, 
7 
Fig. 9. ITER Monoblock 2D - Temperature and tritium distribution evaluated 
with mHIT in an ITER monoblock represented in 2D after 107𝑠 (a) Temperature 
(b) Mobile tritium (c) Trapped tritium.

while FESTIM is open-source software that can handle up to 3 dimen-
sions, multi-material, has great customizability and flexibility, and can 
couple laminar flow and heat transfer in Q transport. With this work, 
the code mHIT is extensively verified, validated, and compared against 
previously tested Q transport codes for multi-dimensional and multi-
material transients, and its multiphysics characteristic can be exploited 
to increase the modeling capabilities for H-transport. Moreover, each 
of these codes can benefit from the other, due to multiple similarities 
shared between them, which can be leveraged for upgrades and further 
testing suites. This can be the case for surface modeling, convective 
transport term, and coupling between transport and turbulence fluid 
dynamics wall boundary conditions.
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Fig. 10. ITER Monoblock 2D - Comparison of inventory evolution in time for ITER 2D validation scenario. (a) mobile inventory (b) total inventory 
(trapped+mobile).
Source: FESTIM simulations are reproduced from [45].
Fig. 11. Spatial distribution(left) of tritium content in the ITER plasma facing component projected on the extrapolation line (right).
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